Circadian rhythms govern nearly every physiological process in our brains and bodies. At the most basic level, the molecular clockwork in each cell interacts with metabolic cycles to influence the redox state, allowing for increased cellular activity at specific times of day. In this issue of the JCI, Musiek et al. show that genetic disruptions in the positive arm of the molecular clock can lead to severe astrogliosis, which likely occurs through disruptions in output genes that keep oxidative stress in check. This study demonstrates the importance of proper circadian protein function in the maintenance of neuronal integrity.
It has become apparent in recent years that disruptions to the circadian system can lead to serious medical problems. For example, shift workers have high rates of metabolic syndrome, obesity, sleep disorders, cardiovascular disease, depression, and cancer (1) . In addition, circadian rhythms deteriorate with age, and this deterioration likely contributes to age-related neurological disorders such as Alzheimer and Parkinson diseases (2) . Neuronal damage and degradation associated with aging are often the result of abnormal levels of reactive oxygen species (ROS) generation (3) . Recent studies indicate that basic cellular metabolism and ROS equilibrium are regulated by a 24-hour rhythm in the peroxiredoxin cycle (4) . The cyclic accumulation and expulsion of ROS indirectly feeds into the core circadian transcriptional feedback loop in the nucleus. ROS modulates the ratio of NAD(P)H to NAD(P) + , which binds to and activates the histone deacetylase sirtuin 1 (SIRT1) (5) . SIRT1 then binds the CLOCK (or NPAS2)/BMAL1 transcription complex, which alters the expression of circadian rhythm-associated genes. In turn, this circadian transcriptional feedback loop regulates the rhythmic expression of genes involved in redox pathways, allowing for bidirectional control of the cellular metabolic state (Figure 1 ). It has been hypothesized that desynchrony between the core circadian transcriptional cycle and the peroxiredoxin cycle results in oxidative stress and DNA damage, which potentially leads to neuronal death. The extent to which the proteins that comprise the transcriptional circadian loop impact neuronal survival has not yet been determined.
What happens to the brain when you delete BMAL1?
In this issue of the JCI, Musiek and colleagues (6) investigated the role of core circadian clock function in redox homeostasis regulation in the brain. They hypothesized that genetic disruptions in circadian function might facilitate neuronal injury and neurodegeneration. Mice with a targeted mutation in the circadian clock gene Bmal1 (Bmal1 -/-) (7) have outward signs of premature aging including weight loss, organ shrinkage, cataracts, and sarcopenia, as well as increased levels of ROS in most tissues (8) . The effects of Bmal1 mutation on the structural integrity of the brain or markers of neurodegeneration have not been evaluated. The authors found that the brains of Bmal1 -/-mice appeared structurally normal at 6 months of age; however, staining for glial fibrillary acidic protein (GFAP), which is a general marker of brain injury, revealed intense astrocyte activation. This activation was most severe in cortical regions of the brain and the hippocampus, though less so in the thalamus and brainstem. This astrocytosis was not present at 2 weeks of age, but was evident at 2.5 months and had progressed at 6 months. Furthermore, astrocytosis was associated with increased expression of proinflammatory cytokines and loss of discrete presynaptic axonal terminals. Using mass spectrometry, the authors also found that cortical F4-neuroprostanes (markers of lipid peroxidation) were increased in Bmal1 -/-mice, further indicating neuronal damage. Optical intrinsic signal functional connectivity imaging (fcOIS) was used to visualize alterations in regional cortical blood flow in anesthetized mice and to generate maps of resting-state neuronal connectivity. The Bmal1 -/-mice had reduced functional connectivity throughout the cortex, indicating that the observed neuronal damage leads to functional changes in overall brain communication. It is interesting that the degree of astrogliosis and oxidative stress were not perfectly correlated, indicating that certain brain regions are more susceptible to neuronal injury than others when faced with the loss of Bmal1 expression.
What causes the damage associated with lack of Bmal1?
After the initial assessment of Bmal1 -/-mice, the authors had a few key questions that needed answers. First, Bmal1 is expressed throughout the brain and body and is involved in regulating a number of periphery-associated metabolic processes that might impact brain function (9) . Is Bmal1 expression in the brain or in the periphery important for maintaining neuronal integrity? Second, is the observed neuronal damage a result of disrupted sleep-wake rhythms (which were prominent in the Bmal1 -/-mice), or a consequence of local Bmal1 reduction that is independent of central rhythm changes? To answer these questions, Musiek et al. generated mice with brain-specific deletion of Bmal1 by crossing a NestinCre line with a Bmal1 flox/flox line (6). Importantly, these mice retained sufficient Bmal1 expression in the core pacemaker of the suprachiasmatic nucleus (SCN) to produce relatively normal circadian rhythms associated with locomotor activity and sleep (10); however, circadian gene expression in the cortex of these mice was severely disrupted. Despite having normal sleep-wake rhythms and normal peripheral oscillators, the NestinCre + ;Bmal1 f/f mice exhibited age-dependent astrogliosis in cortical regions of the brain and the hippocampus. This neuronal damage might be relevant to cognition and behavior, since the NestinCre + ;Bmal1 f/f mice had an abnormal response to a change in environment. These results indicate that a reduction in local Bmal1 expression, rather than peripheral expression or disruptions in sleep-wake rhythms, is the key contributing factor to the neuronal survival outcomes that are indicative of premature aging. Future studies that examine more complex measures of cognitive function will be necessary to determine the extent of cognitive decline as a result of Bmal1 mutation. It will also be important to develop more brain region-specific Cre-expressing mouse lines or viral approaches to ascertain whether the neuronal damage in the cortex, for example, is truly a direct result of local Bmal1 knockdown or the consequence of a disruption in Bmal1-driven rhythms in another brain circuit.
What mechanisms lead to neuronal damage?
The authors identified a number of genes involved in redox sensing and response, which according to existing microarray databases, have a diurnal rhythm in their expression. Examination of gene expression in the cortex of Bmal1 -/-mice and the NestinCre + ;Bmal1 f/f mice revealed that the expression of NAD(P)H dehydrogenase, quinone 1 (Nqo1), and aldehyde dehydrogenase 2 (Aldh2) was drastically reduced. ALDH2 has been shown to protect neurons from oxidative stress by scavenging reactive aldehydes produced during mitochondrial respiration (11, 12) . NQO1 reduces toxic quinones to protect against oxidative damage (13) . The authors demonstrated that BMAL1 binds the promoters of both of these genes, indicating that they are direct transcriptional targets. Since both are involved in neuroprotection and the oxidative stress response, it is reasonable to hypothesize that decreased expression of genes associated with Bmal1 knockdown directly promotes neuronal damage; however, this needs to be tested directly in future experiments.
Does disruption of other circadian genes induce neuropathology?
To determine whether the neuropathological effects associated with loss of Bmal1 are common to mice with mutations in other core molecular clock components, the authors examined mice lacking CLOCK and NPAS2. Previous studies indicate that these two proteins have redundant functions in the control of locomotor rhythms in the SCN (14) . Clock and Npas2 single-knockout mice had very little astroglial activation; however, the Clock/Npas2 double-knockout mice recapitulated the Bmal1 -/-phenotype. Surprisingly, mice with mutations in both negative regulators of the circadian clock, Per1 and Per2, had no evidence of age-dependent astrogliosis. In fact, deletion of Per1 and Per2 enhanced the expression of BMAL1 target genes including Nqo1 and Aldh2, likely due to the removal of breaks in BMAL1 activity. These data further solidify the idea that it is not a disruption in circadian rhythms per se that leads to neuronal injury, since Per1/Per2 double-mutant mice also exhibit disrupted behavioral rhythms, similar to those observed in Bmal1 -/-mice (15) . This study indicates that local CLOCK(NPAS2):BMAL1 heterodimers are involved in the direct regulation of genes important for the production of ROS, which is tightly controlled by the circadian cycle.
Is the neuronal damage due to loss of BMAL1 in neurons or glia?
Using a cell culture model, the authors found that knockdown of Bmal1 with lentiviral-delivered shRNA in primary neuron-enriched cultures led to spontaneous neurite degeneration and cell death, which was exacerbated with low-dose H 2 O 2 . In contrast, siRNA-mediated knockdown of Bmal1 in primary astrocyte cultures had no impact on cell viability or inflammatory markers, as seen in the Bmal1 -/-mice. These data suggest that Bmal1 expression in neurons, and not astrocytes, is important for neuronal viability. Finally, to address the question of whether gene dosage of Bmal1 might be important in oxidative neurodegeneration, they treated heterozygous Bmal1 +/-mice, which had no baseline pathology, with the mitochondrial complex III inhibitor 3-nitroproprionic acid (3-NP), a substance that produces oxidative injury and striatal lesions. They found that the Bmal1 +/-mice had larger lesions than the wild-type mice, suggesting that a 50% reduction in Bmal1 expression could make individuals more vulnerable to neuronal damage in response to insult.
Conclusions
The results of this study demonstrate that genetic mutations in the positive arm of the circadian system are deleterious to the integrity of neurons. This loss of neuronal integrity may be directly responsible for premature aging and neurodegeneration. These data also suggest a potential mechanism
Figure 1
Crosstalk between the transcriptional and peroxiredoxin cycles. CLOCK or NPAS2 (yellow) and BMAL1 (aqua), which make up the positive limb of the circadian clock, control the expression of negative limb proteins Period (PER) (blue) and cryptochrome (CRY) (orange), which feed back to inhibit the activity of the positive limb. CLOCK(NPAS2)/BMAL1 controls the expression of several output genes (such as Nqo1 and Aldh2) that influence the rhythm in ROS accumulation in the peroxiredoxin cycle. The ratio of NAD(P) to NAD(P)H as an output of this cycle influences SIRT1 (purple) activity (which is NAD + dependent). When bound to NAD + , SIRT1 regulates the activity of CLOCK (NPAS2):BMAL1 heterodimers.
whereby specific circadian genes impact neuronal survival. Since we know that levels of BMAL1, CLOCK, and NPAS2 are tightly linked to light exposure and sleep deprivation, chronic circadian disruptions through activities such as shift work, travel, nighttime light exposure, or other environmental factors could have serious consequences for individuals predisposed to neurological disorders. Furthermore, these data indicate that those currently suffering from neurological disorders would certainly benefit from a stable sleep-wake and light-dark schedule. It will be interesting for future studies to determine whether any of these neuropathologies can be prevented through direct, local rescue of BMAL1 function or through manipulation of important clock target genes. Such studies might provide an avenue toward future therapeutic developments.
Steroid-resistant nephrotic syndrome has a poor prognosis and often leads to end-stage renal disease development. In this issue of the JCI, Ashraf and colleagues used exome sequencing to identify mutations in the aarF domain containing kinase 4 (ADCK4) gene that cause steroid-resistant nephrotic syndrome. Patients with ADCK4 mutations had lower coenzyme Q 10 levels, and coenzyme Q 10 supplementation ameliorated renal disease in a patient with this particular mutation, suggesting a potential therapy for patients with steroid-resistant nephrotic syndrome with ADCK4 mutations.
Steroid-resistant nephrotic syndrome
Nephrotic syndrome (NS) is the most common primary glomerular disease in children. All children with NS share similar clinical manifestations, such as edema, and biochemical abnormalities, including proteinuria, hypoalbuminemia, and hyperlipidemia; however, their clinical courses vary greatly (1) . The majority of children presenting with idiopathic NS respond to steroid therapy.
Unfortunately, more than 20 percent of patients will fail to respond to steroid treatment. These patients with steroid-resistant NS (SRNS) usually progress to end-stage renal disease, necessitating dialysis or renal transplantation. Identifying patients who will respond to steroids and understanding the underlying disease pathogenesis is a critical challenge for disease management. Light microscopic lesions in children with SRNS overlap with those in children with steroid-sensitive NS. These changes range from focal segmental glomerulosclerosis and diffuse mesangial sclerosis to minimal change disease.
Podocyte foot process effacement observed by electron microscopy is the sine qua non of NS, indicating the role of these cells in NS development. Podocytes or glomerular epithelial cells cover the outer surface of the glomerular basement membrane and, along with the underlying endothelial cells, represent the glomerular filtration barrier. Mutations of more than 20 genes have been found to be associated with NS development in humans (Figure 1 ). Interestingly, all 24 genes associated with NS development are localized to the podocyte, further confirming that podocytes are essential in maintaining the glomerular filtration barrier. Mutations associated with NS can be divided into a few main groups. For example, mutations of podocyte actin cytoskeleton proteins are frequently found in adult SRNS or focal segmental glomerulosclerosis (2, 3) . Podocytes appear to be dynamic cell types, and foot process remodeling is critical to maintaining the filtration barrier. Foot processes are connected by
